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Redox enzymeLodA is a novel lysine-e-oxidase which possesses a cysteine tryptophylquinone cofactor. It is the ﬁrst
tryptophylquinone enzyme known to function as an oxidase. A steady-state kinetic analysis shows
that LodA obeys a ping-pong kinetic mechanism with values of kcat of 0.22 ± 0.04 s
1, Klysine of
3.2 ± 0.5 lM and KO2 of 37.2 ± 6.1 lM. The kcat exhibited a pH optimum at 7.5 while kcat/Klysine peaked
at 7.0 and remained constant to pH 8.5. Alternative electron acceptors could not effectively
substitute for O2 in the reaction. A mechanism for the reductive half reaction of LodA is proposed
that is consistent with the ping-pong kinetics.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
LodA is a novel lysine-e-oxidase which was recently found in
the melanogenic marine bacterium, Marinomonas mediterranea
[1–3]. This enzyme was originally called marinocine but is now
referred to as LodA, the gene product of lodA. LodA exhibits antimi-
crobial properties in vivo that result from its production of H2O2. It
is secreted to the external medium in the bioﬁlms in which the
bacterium resides. This causes death of a subpopulation of cells
within theM. mediterranea bioﬁlm that is accompanied with differ-
entiation, dispersal and phenotypic variation among dispersed
cells [4].
Typical amino acid oxidases utilize a ﬂavin cofactor for catalysis
and act upon the a-amino group. LodA removes the e-amino group
of lysine and the recent crystal structure of LodA reveals that it con-
tains a cysteine tryptophylquinone (CTQ, Fig. 1) cofactor [5]. CTQ is
a protein-derived cofactor [6], which is generated by the posttrans-
lational modiﬁcation of cysteine 516 and tryptophan 581 of LodA.
Analysis of LodA bymass spectrometry yields amolecularmass that
is also consistent with the presence of CTQ [7]. Another protein,
LodB, is required for the posttranslational formation of CTQ [7,8].
All other tryptophylquinone cofactor-containing enzymes aredehydrogenases that use other redox proteins as their electron
acceptors [9]; this is the ﬁrst time that one has been shown to func-
tion as an oxidase. The best known tryptophylquinone enzymes
possess tryptophan tryptophylquinone (TTQ, Fig. 1) where the
modiﬁed Trp is cross-linked to another Trp rather than a Cys [10].
The known TTQ enzymes are primary amine dehydrogenases
[6,11]. The one other CTQ-dependent enzyme that has been charac-
terized is a quinohemoprotein amine dehydrogenase (QHNDH)
which possesses two covalently attached hemes in addition to
CTQ [12,13].
Another class of protein-derived cofactors that contain qui-
nones derived from Tyr residues has been identiﬁed [14]. These
possess the topaquinone (TPQ, Fig. 1) cofactor and are found only
in primary amine oxidases. In each case, these enzymes also pos-
sess a tightly bound copper in the active site which is required
for biogenesis of the cofactor and subsequently participates in
catalysis. A related cofactor is lysine tyrosylquinone (LTQ) which
is the catalytic center of mammalian lysyl oxidase [15]. This en-
zyme is also a lysine e-oxidase but it acts only on lysyl residues
of a protein substrate rather than free lysine [16]. Like the TPQ-
dependent enzymes, lysyl oxidase also possesses a tightly-bound
copper in the active site [17]. LodA is the ﬁrst example of an amino
acid or primary amine oxidase that contains neither a ﬂavin nor a
metal at its active site.
This paper presents a steady-state kinetic analysis of the reac-
tion that is catalyzed by LodA Eq. (1) to determine its steady-state
reaction mechanism and kinetic parameters. The results are used
Fig. 1. Protein-derived quinone cofactors that are formed by posttranslational
modiﬁcations. CTQ is cysteine tryptophylquinone. TTQ is tryptophan tryptophyl-
quinone. TPQ is 2,4,5-trihydroxyphenylalanine quinone or topaquinone. LTQ is
lysine tyrosylquinone.
E. Sehanobish et al. / FEBS Letters 588 (2014) 752–756 753to propose a reaction mechanism which is consistent with the
crystal structures of a lysine-bound adduct of LodA [5].
L-lysineþ O2 þH2O
! 2-aminoadipate6-semialdehydeþ NH3 þH2O ð1Þ2. Materials and methods
Recombinant LodAwas expressed in Escherichia coli Rosetta cells
which had been transformed with pET15LODAB [7] which contains
lodA with an attached 6xHis tag and lodB which is required for the
posttranslational modiﬁcation of LodA that forms CTQ. The cells
were cultured in LB media with ampicillin and chloramphenicol.
Expression levels of active LodA are very sensitive to induction con-
ditions and previously determined optimal conditions [7] were fol-
lowed. When the absorbance of the culture reached a value of 0.6,
the temperature was decreased to15 C and cells were induced by
addition of 1 mM IPTG. Cells were harvested after 2 h and then bro-
ken by sonication in 50 mM potassium phosphate buffer (KPi), pH
7.5. The soluble extract was applied to a Nickel–NTA afﬁnity col-
umn and the His-tagged LodA was eluted using 100–120 mM imid-
azole in 50 mM KPi, pH 7.5. LodA was then further puriﬁed by ion
exchange chromatography with DEAE cellulose in 50 mM KPi, pH
7.5. The His-tagged LodA bound to the resin and was eluted using
180–270 mM NaCl in the same buffer. The protein was judged pure
by SDS–PAGE and its UV–visible absorption spectrum exhibited a
broad peak centered at 400 nm with an absorbance at 400 nm
which was about 13-fold less intense than the absorbance at
280 nm. Methylamine dehydrogenase (MADH) [18], amicyanin
[19] and cytochrome c-550 [20] were puriﬁed from Paracoccus den-
itriﬁcans as described previously.
LodA activity had previously been assayed using a standard
coupled assay for oxidases in which horseradish peroxidase
(HRP) is also present and uses the H2O2 product of the oxidase
reaction to oxidize Amplex Red to resoruﬁn which leads to a
change in ﬂuorescence [21]. This assay was modiﬁed to instead
follow the change in absorbance associated with production of
resoruﬁn which has an extinction coefﬁcient at of 54000 M1 cm1at its absorbance maximum of 570 nm. The assay mixture con-
tained 0.05 mM Amplex Red, 0.1 U/ml of HRP and 0.4 lM LodA in
50 mM KPi, pH 7.5 at 25 C. The concentration of LodA was deter-
mined using an e280 = 125180 M1 cm1 which was calculated
from its amino acid sequence [22]. Experiments were performed
in which [lysine] was varied in the presence of ﬁxed concentrations
[O2] and vice versa. To vary the concentration of O2, an appropriate
amount of a stock solution of air-saturated buffer ([O2] = 252 lM)
was mixed with the reaction mixture which had been made anaer-
obic by repeated cycles of vacuum and purging with argon. The
reactions were initiated by the addition of lysine. In order to ac-
count for a small background reaction in which Amplex Red is
spontaneously converted to resoruﬁn, control experiments were
performed in the absence of LodA to determine the background
rate which was subtracted from the experimentally-determined
LodA-dependent reaction rates. The reaction was also assayed by
monitoring the release of the ammonia product using a coupled as-
say. The assay mixture contained 20 U/ml glutamate dehydroge-
nase, 5 mM a-ketoglutarate, 0.4 lM LodA and 93.7 lM NADH in
50 mM KPi, pH 7.5 at 25 C and the reactions were initiated by
the addition of lysine. In assays to test the reactivity of artiﬁcial
electron acceptors the assay mixture contained 0.4 lM LodA in
50 mM KPi, pH 7.5 at 25 C under anaerobic conditions. The reac-
tion was initiated by addition of lysine and monitored by the spec-
tral change associated with the reduction of each electron acceptor,
phenazine ethosulfate (PES) plus 2,6-dichloroinophenol (DCIP)
(e600 = 21500 M1 cm1), ferricyanide (e420 = 1040 M1 cm1), or
NAD+ (e340 = 6220 M1 cm1), amicyanin (e595 = 4600 M1 cm1),
cytochrome c-550 (e550 = 30200 M1 cm1).
3. Results and discussion
3.1. Steady-state reaction mechanism and parameters
Steady-state assays of lysine oxidation by LodA were performed
in order to determine the kinetic mechanism and parameters that
describe this reaction. The initial rates of reaction were determined
at different concentrations of lysine in the presence of a set of ﬁxed
concentrations of O2 (Fig. 2A). Double reciprocal plots of these data
exhibited a set of lines which are clearly more parallel than inter-
secting (Fig. 2B). Similarly, when the initial rates of reaction were
determined at different concentrations of O2 in the presence of a
set of ﬁxed concentrations of lysine a set of parallel lines was ob-
tained in the reciprocal plots. These data are consistent with a
ping-pong kinetic mechanism rather than an ordered or random
sequential mechanism and thus the reaction is described by Eq.
(2) [23]. Secondary plots of the intercept (1/kcat apparent) versus
1/[O2] (Fig. 2C), intercept/slope (1/Klysine apparent) versus 1/[O2]
(Fig. 2D), intercept (1/kcat apparent) versus 1/[lysine] (Fig. 2E)
and intercept/slope (1/KO2 apparent) versus 1/[lysine] (Fig. 2F)
were each linear. These plots are described by Eqs. 3 and 4 [23]
where A is the varied substrate and B is the ﬁxed substrate. Analy-
sis of these data yielded values of kcat of 0.22 ± 0.04 s1, Klysine of
3.2 ± 0.5 lM and KO2 of 37.2 ± 6.1 lM.
v=E ¼ kcat½lysine½O2
Klysine½O2 þ KO2½lysine þ ½lysine½O2 ð2Þ
intercept ¼ ðKB=kcatÞð1=½BÞ þ ð1=kcatÞ ð3Þ
intercept=slope ¼ ðKB=KAÞð1=½BÞ þ ð1=KAÞ ð4Þ
This reaction was also studied using another coupled enzyme
assay in which the rate of formation of the ammonia product
was coupled to NADH oxidation by glutamate dehydrogenase in
the presence of a-ketoglutarate. When the assay was performed
Fig. 2. Steady-state kinetic analysis of LodA. (A) Initial rates were determined at different concentrations of lysine in the presence of a ﬁxed concentration of 252 (s), 129 (),
54 (.), 11 (N) or 5 (d) lM O2. (B) Double reciprocal plot of the data shown in panel A. (C) Secondary plots of the y-intercept (1/apparent kcat) from panel B versus 1/[O2]. Data
are ﬁt by Eq. (3). (D) Secondary plots of the y-intercept/slope (1/apparent Klysine) from panel B versus 1/[O2]. Data are ﬁt by Eq. (4). (E) Secondary plots of the y-intercept (1/
apparent kcat) from plots of v/E versus [O2] against 1/[lysine]. Data are ﬁt by Eq. (3). (F) Secondary plots of the y-intercept/slope (1/apparent KO2) from plots of v/E versus [O2]
against 1/[lysine]. Data are ﬁt by Eq. (4). Error bars are indicated in the secondary plots (C–F).
Fig. 3. Dependence on pH of kcat (A) and kcat/Km (B) values for lysine of LodA at
saturating concentration of O2. Error bars are indicated.
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the rate of reaction was 0.25 ± 0.07 s1 which is within experimen-
tal error of the kcat value obtained in the assay which monitored
H2O2 production.
3.2. Dependence of LodA activity on pH
The pH dependence of kcat and kcat/Km for lysine were deter-
mined at 252 lM O2 (Fig. 3). The kcat value exhibited a bell-shaped
pH proﬁle with a maximum at pH 7.5. This suggests that there are
at least two residues that are required and that one must be pro-
tonated and the other must be unprotonated for catalysis. In con-
trast the kcat/Km values reached a maximum at pH 7.0 and stayed
relatively constant up to pH 8.5. Thus, the catalytic efﬁciency ofLodA is retained at the higher pH as a consequence of a decrease
in Klysine.
3.3. Reactivity towards alternative electron acceptors
The distinguishing property between an oxidase and a dehydro-
genase is that the oxidases use O2 as their ﬁnal electron acceptor
whereas dehydrogenases use other redox proteins or non-protein
electron acceptors other than O2. Since all other know tryptophyl-
quinone enzymes are dehydrogenases the ability of LodA to func-
tion as a dehydrogenase was tested using alternative electron
acceptors. The most widely used assay for quinoprotein dehydro-
genases uses PES coupled to DCIP. For comparison the assay was
also performed on MADH which possesses the TTQ cofactor. When
assayed in the presence of saturating methylamine with 5 mM PES
and 100 lM DCIP MADH exhibited a rate of 36 s1 while LodA
when assayed in the presence of saturating lysine under these con-
ditions exhibited a rate of 0.06 s1. Another commonly used artiﬁ-
cial electron acceptor is ferricyanide. When similarly assayed in the
presence of 1 mM potassium ferricyanide with saturating lysine
LodA exhibited a rate of 0.10 s1. For a more direct comparison
of the efﬁciency of the artiﬁcial electron acceptors, the assays were
repeated using 252 lM PES or ferricyanide, a concentration equiv-
alent to that used for O2 (KO2 = 37.2 ± 6.1 lM). At this concentra-
tion the rates with PES/DCIP and ferricyanide were each 0.01 s1
which is barely above background, compared 0.22 ± 0.04 s1 for
O2. NAD+ (1 mM) was also tested in the presence of 100 lM lysine
and no detectable reaction was observed. Two protein electron
acceptors were also tested. The copper protein amicyanin [19] is
the natural electron acceptor for MADH. In the steady state
Fig. 4. Proposed mechanism for LodA-catalyzed oxidative deamination of lysine. B
represents an active site residue which participates in acid–base chemistry.
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MADH, amicyanin exhibits a kcat of 48 s1 and Km of 6 lM [24].
When LodA was assayed with 100 lM amicyanin and saturating
lysine the rate was only 0.008 s1. Cytochrome c-550 from P. den-
itriﬁcans is a relatively promiscuous electron acceptor that shares
structural features with many bacterial and mammalian cyto-
chromes c [25]. When LodA was assayed with 100 lM cytochrome
and saturating lysine the rate was 0.002 s1.
One cannot rule out the possibility that in vivo there is an
unidentiﬁed redox-active molecule or protein that could serve as
an electron acceptor for LodA instead of O2. However, no signiﬁcant
dehydrogenase activity of LodA could be detected in this study.
These results support the proposal that the generation of H2O2
and consequent antimicrobial activity [1] is the main physiological
function of LodA, which is secreted from cell to perform this
function.
3.4. Proposed mechanism
The ping-pong kinetic mechanism requires that an intermediate
form of the enzyme exist after binding of substrate and release of
the ﬁrst product prior to binding of the second substrate. This ﬁnd-
ing is consistent with the reported crystal structure of LodA with a
covalent lysine adduct with CTQ [5] and suggests the following
reaction mechanism (Fig. 4). The e-amino group of lysine must ﬁrst
be deprotonated, likely by an active site residue, so that the result-
ing nucleophilic NH2 group can attack the electrophilic carbonyl
carbon to displace the bound oxygen and yield a Schiff base inter-
mediate, as seen in the crystal structure. An active site residue then
abstracts a proton from the e-carbon reducing the cofactor and
resulting in the Schiff base now involving the e-carbon. Inspection
of the crystal structure of the LodA-lysine adduct [5] reveals that
the S of Cys448 is approximately 5.5 Å from this carbon and could
possibly be involved in this step. This covalent adduct is then
hydrolyzed to release the aldehyde product prior to O2 binding.
This yields an aminoquinol intermediate form of the enzyme con-
sistent with a ping-pongmechanism. This proposed mechanism for
this reductive half-reaction is essentially identical to those of
QHNDH [26] and MADH [24], which possess CTQ and TTQ, respec-
tively. It is also the same mechanism proposed in the reductivehalf-reactions of the TPQ-dependent amine oxidases [27]. With
the TTQ-dependent MADH it was shown that the ammonia product
was not released until after the quinol was oxidized to the quinone
by its electron acceptor, and that in the steady-state this occurred
by displacement of the amino group from the cofactor by the next
amine substrate molecule [26]. This may be true for LodA as well.
Alternatively, it could be hydrolyzed by water. A key question
which remains unanswered is how the quinol or aminoquinol in
LodA is reoxidized by O2. In the TPQ-dependent oxidases Cu2+ is
also present at the active site. It has been proposed that this inter-
acts with the quinol intermediate to yield a Cu+-semiquinone
intermediate which would allow reaction of the Cu+ with oxygen
to generate a superoxide species in the ﬁrst step of the reoxidation
[28,29]. LodA, however, does not have a bound metal. Future char-
acterization of the mechanism of the oxidative half-reaction of
LodA should be of great interest.
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